iriried applied
L sciences

Article

Effect of Melting—Recycling Cycles and Mechanical
Fracture on the Thermoplastic Materials Composed of
Thermoplastic Polyurethane and Polypropylene
Waste Blends

Ting An Lin !, Jia-Horng Lin 2-3*{ and Limin Bao "*

1 Department of Science and Technology, Graduate School of Medicine, Science and Technology,

Shinshu University, Nagano Prefecture 390-8621, Japan; 18hsl16a@shinshu-u.ac.jp

Laboratory of Fiber Application and Manufacturing, Department of Fiber and Composite Materials,
Feng Chia University, Taichung City 40724, Taiwan

3 School of Chinese Medicine, China Medical University, Taichung 40402, Taiwan

*  Correspondence: jhlin@fcu.edu.tw (J.-H.L.); baol@shinshu-u.ac.jp (L.B.)

check for
Received: 23 July 2020; Accepted: 19 August 2020; Published: 22 August 2020 updates

Featured Application: The ultimate purpose of this study is to treat waste compounds via a simple
hot-pressing approach to produce useful materials that can be used again. As a result, this study
attenuates the negative influences of plastic waste on the environment while achieving sustainable
development.

Abstract: With appropriate conditions, thermoplastic materials possess a good reversible ability.
They are prone to exceed the reversibility range when being repeatedly processed as they cannot
bear high temperatures. Therefore, this study aims to explore the impacts of the melting—recycling
cycles and the presence of a compatibilizer on the omnipresent thermoplastic materials. Additionally,
the tensile properties, morphology, and thermal properties are studied. The feasibility of multiple
utilizations and differentiation effects are examined afterward. In this study, recycled or mechanically
damaged thermoplastic polyurethane (T)/polypropylene (P) waste blends are used as the raw
materials for the hot-pressing cycle, while maleic anhydride grafted polypropylene (MA) is used
as the compatibilizer, thereby simulating the waste compounds. Next, the T/P/MA blends that
undergo post-2nd and post-3rd recycling are evaluated for comprehensive change. The test results
indicate that without MA, T/P blends exhibit significant differentiation effects due to an increase in
the polypropylene content and multiple melting—recycling cycles. By contrast, the presence of MA
mitigates the overall differentiation effect of T/P blends. The ultimate purpose of this study is to treat
waste compounds via a simple hot-pressing approach to produce useful materials that can be used
again. As a result, this study attenuates the negative influences of plastic waste on the environment
while achieving sustainable development.

Keywords: thermoplastic material; thermoplastic polyurethane; polypropylene; differentiation effect;
recycle; plastic waste

1. Introduction

In the late decades, plastic products have been commonly used in different regions because of
abundant sources, low cost, ease of processability, and great diversity [1,2]. Worldwide, the annual
production of plastics is approaching more than 300 million tons, and it is predicted that the global
growth of plastic products can be up to 400 million tons in 2020 [3-5]. The enormous amount of plastic
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derivatives and their disposal have become a global and important issue as this causes problems for the
ocean and the environment [2,4,6,7]. Based on their inherent characteristics, they can be divided into
thermoset plastic and thermoplastic, of which the latter has a noticeable feature of reversibility and is
thus suitable for reclamation [1,8,9]. Despite the amazing reversibility, thermoplastic may demonstrate
compromised performances and lose its original advantages as a result of insufficient processing
conditions or mistakes.

In general, the use of a single polymer cannot satisfy all demands at the same time, which makes
compound polymers a remedy for modification. Subsequently, different polymers can be blended
to attain a synergistic effect through the modification [10,11]. However, not all of the polymers have
good miscibility and compatibility with others due to their original chemical groups and polarity, so a
compatible agent is added as a bridging element [1]. It is well known that thermoplastic polyurethane
consists of rigid segments and soft segments, which are individually composed of diisocyanate groups
and chain extenders and polyether or polyester chains [12-14]. Moreover, thermoplastic polyurethane
has good toughness and high mechanical properties, yet, simultaneously, its expensive cost and low
thermal stability also restrict the applications by end customers [15-20]. In 2009, Young-Hee et al.
concluded that the processing conditions of hot-pressing/melt mixing methods strikingly influenced the
various aspects of thermoplastic polyurethane and pointed out that the thermoplastic materials could not
be retreated over two or three recycling times due to its poor thermal stability. Therefore, a strategy for
thermoplastic polyurethane is to find a suitable polymer that can supplement the required properties [21].
Polypropylene possesses good rigidity, good thermal stability, and a low cost [22], which qualify
it to compensate for the disadvantages of thermoplastic polyurethane and, concurrently, bestow
reinforcement. Thermoplastic polyurethane and polypropylene are separately a polar polymer and a
nonpolar polymer; therefore, phase separation and poor phase adhesion commonly inflict thermoplastic
polyurethane/polypropylene blends. With the assistance of a suitable compatibilizer, the compounds
can be rid of phase separation [23]. Yang et al. indicated that maleic anhydride grafted polypropylene is
a useful compatibilizer to improve the interphase problem between polypropylene and wasted rubber
powder [24].

Additionally, there is an imperative issue of how the blended polymer compounds can be
recycled [10]. There are several recycling methods, including mechanical recycling, thermal treatment,
and chemical recycling [11,25,26]. Chen et al. mentioned that plastic waste can be reused by introducing
functional fillers to obtain value-added polymer composites [27]. The motivation of this study is not
only to effectively use thermoplastic materials but also to increase the use-efficiency after the first use.
However, the current recycling strategy is to recycle and reuse single-composition thermoplastic wastes.
It is hard to recycle multiple-composition ones at the same time; therefore, the multiple-composition ones
are commonly dealt with using combustion or landfill treatment [1,28]. Hence, how to simultaneously
recycle and reuse thermoplastic materials with multiple compositions has become a prominent issue.

As the treatment that can recycle waste compounds has become an emerging topic, this study
explores the effect of both melting cycles and mechanical fracture cycles on thermoplastic waste composed
of thermoplastic polyurethane and polypropylene. Moreover, the existence of a compatibilizer—maleic
anhydride grafted polypropylene (MA)—contained in the blend is also considered in the recycling
effectiveness. First, we consider two main waste compound groups—T/P blends and T/P/MA blends;
one is composed of thermoplastic polyurethane (T) and polypropylene (P), and the other one additionally
contains maleic anhydride grafted polypropylene (MA). The melting cycles, the numbers of mechanical
fractures, and the existence of a compatibilizer are the three factors that are examined for the reclamation
feasibility of thermoplastic waste. In this study, the morphological, tensile, and thermal properties of
T/P and T/P/MA blends are observed and measured, thereby determining the influences of the three
factors. It is hoped that this study will realize the purpose of reusing waste compounds through efficient
melt-recycling and address the issues of plastic pollution in the environment.
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2. Materials and Methods

2.1. Materials

In this study, we consider two main waste compound groups—T/P blends and T/P/MA blends; one
is composed of thermoplastic polyurethane (T) and polypropylene (P), and the other one additionally
contains maleic anhydride grafted polypropylene (MA). The waste materials originate from our
laboratory; these are materials that have been used for mechanical tests in previous studies. It can
be regarded as used materials that require suitable treatment. From Figure 1, following the recycling
routes for these T/P and T/P/MA blends, the materials are first trimmed into small pieces, mixed,
and hot-pressed to form the blends beforehand. The blending ratios of T/P and T/P/MA blends
are 90/10/0, 90/10/5, 70/30/0, 70/30/5, 50/50/0, and 50/50/5, and Table 1 displays the corresponding
denotations of the samples.

First used (1%t cycle) Plate-type Hot Pressing

Process

Thermoplastic Waste Samples Small pieces of Samples
(composed of multiple polymer materials) (cutting into small pieces)

m Cutting into
— small pieces

upper heater
Recycling A

Re-melting
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!

1 « Tensile property
« SEM observation
DSC analysis
Property Tests

‘ % ‘ !m‘ After tests :
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Hot-pressed samples

Figure 1. Sample preparation and recycling routes of thermoplasticpolyurethane and polypropylene
(T/P) and T/P/maleic anhydride (MA) waste-blended materials.

Broken Pieces

Table 1. Parameters of T/P and T/P/MA blends in the hot-pressing process.

Compositions Hot-Pressing Parameters
Thermoplastic Maleic Anhydride Grafted
Sample Codes Polyuret}?ane (T) Polyprop}or/l()ene ® Polyprop};rlene (MA) Temperature (°C)
(wt %) (wt% (wt %)
P100 - 100 - 185
T100 100 - - 160
T90 90 10 0 170
T90/MA 90 10 5 170
T70 70 30 0 170
T70/MA 70 30 5 170
T50 50 50 0 185
T50/MA 50 50 5 185
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2.2. Preparation

In this study, the damage that resulted from the mechanical fractures and melting—recycling cycles
of used T/P and T/P/MA waste-blended samples is evaluated, in which the plate-type hot-pressing
method and tensile tests are employed as thermal breakage and mechanical breakage, respectively.
Asshownin Figure 1, the given T/P and T/P/MA blended samples are one-off mechanically damaged and
then hot-pressed again, and the new T/P samples are denoted as the post-2nd-recycling group. The new
blended samples are denoted as the post-3rd-recycling group when undergoing the aforementioned
route again. For these two groups, recycling means a process that combines hot-pressing and mechanical
fracture. Therefore, melt-recycling involves one-time hot-pressing, the post-2nd-recycling, and the
post-3rd-recycling. Before conducting hot-pressing, six groups of samples were dried in an oven at
40 °C for 24 h in order to remove residual moisture. Next, the hot-pressing machine was preheated
for one hour, and compounds were then placed on an aluminate plate and treated with a melting
process for 3-5 min and then a pressing process for five minutes. Afterward, samples were cooled at
room temperature (Figure 1). The blends were hot-pressed at a pressure of 20 MPa, and the specified
thickness was 0.5 mm.

Table 1 demonstrates the corresponding hot-pressing temperatures for different blending ratios.
A greater P content provides T/P/MA blends with a higher melting temperature. In contrast, the melting
temperatures were 165 °C for P100 and 145 °C for T100.

2.3. Tests

2.3.1. SEM Observation

In this study, the fracture morphology of T/P and T/P/MA waste-blended samples with various
conditions (as related to the number of hot-pressing cycles and the number of mechanical fractures)
was observed by a scanning electron microscope (SEM, 54800, HITACHI, Tokyo, Japan). To observe
the morphology of both blended groups, the SEM equipment was set a 3-kV voltage, with various
magnifications [29]. Moreover, the influence of T/P and T/P/MA waste-blended samples with the
presence of a compatibilizer on morphology and particle size was also examined.

2.3.2. Tensile Properties

As specified in ASTM D638-14, type IV samples were prepared with a dog-bone shape. A universal
tester (Instron 5566, Instron, Norwood, MA, USA) was used to measure the tensile properties of the
0.5-mm thick T/P and T/P/MA waste-blended samples, including tensile stress at break, tensile strain at
break, tensile stress at yield point, and tensile strain at yield point. The speed of testing was based
on the specifications of the specimen type, and T/P and T/P/MA groups were classified as rigid and
semirigid groups. Moreover, type IV samples were chosen to be tested at a speed of 5 mm/min [30].
Five samples for each specification were used to obtain the average value.

2.3.3. DSC Analysis

Differential scanning calorimetry (DSC) is a common measure to evaluate the thermophysical
property of polymer materials. A blank specimen is referred to as the control. Samples are put in the
heating system, and during the heating process, the thermal enthalpy (i.e., endothermic and exothermic
enthalpy) is measured at a constant heating rate based on different temperatures. DSC analysis is used
to evaluate the thermal properties related to two factors (the number of melting cycles and the number
of mechanical fractures). In this study, T/P and T/P/MA blends were heated from 40 to 180 °C at an
increment of 5 °C per minute and kept isothermal for 5 min at 180 °C. Moreover, the environment
temperature was decreased from 40 to 180 °C at a decrement of 5 °C every minute. The melting and
cooling loops were repeated for two cycles to remove the thermal history of the T/P and T/P/MA blends.
Furthermore, DSC analysis was also used to evaluate the crystallization performance, as related to
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the presence of a compatibilizer, after the T/P and T/P/MA blends had undergone multiple thermal
cycles [30].

3. Results and Discussion

Recycled thermoplastic T/P waste compounds were used in this study instead of individual
thermoplastic polyurethane and polypropylene materials. Thermoplastic polyurethane (T) and
polypropylene (P) possess different intrinsic features and, therefore, P is commonly used to strengthen
the mechanical and thermal properties of T. The noticeable feature about thermoplastic materials is that
they can be reshaped with an appropriate temperature. It is challenging to recycle thermoplastic waste
compounds due to various intrinsic properties. This study mainly explores how to reuse polymer
waste compounds and examines the reshaped materials in terms of morphological observation,
thermal properties, and tensile properties. Additionally, the effect of the existence of a compatibilizer
on the various aspects of T/P and T/P/MA waste blends will also be discussed after multiple
melting-recycling cycles.

3.1. Surface Observation

3.1.1. Microscope Observation

Figure 2A,B shows the appearance variation of T/P blends and T/P/MA blends as related to the
post-2nd and post-3rd recycling, respectively. In Figure 2A, blends that are composed of a greater T
content appear in dark yellow, while blends that are composed of a greater P content appear in lighter
yellow, according to the comparison between the images of T90 and T70. The yellowing phenomena can
be ascribed to the oxidation reaction of thermoplastic polyurethane during the recycling processes [31,32].
Based on the results of melt-recycling, T/P/MA blends are more easily and efficiently hot-pressed than
T/P blends (i.e., MA-free blends). As MA serves a bridging role that can improve the original interfacial
property between T and P, it well attenuates the interfacial tension. It has been proven that a proper
compatible agent for a multiple-polymer system is desirable, where the original system without a
compatible agent was with poor performance and limited application [27]. Figure 2B shows that P100
and T100 waste-blended samples do not show distinct defects in the post-3rd-recycling process and
still maintain good formability. It is a good piece of evidence that the thermoplastic materials can be
well reformed within an appropriate treatment. At the same time, the MA-containing blends also have
stable formability and can be hot-pressed efficiently. With a greater number of melting-recycling cycles,
MA provides T/P matrices with significant compatibility and stability. As for MA-free blends, the images
of T90, T70, and T50 in Figure 2B exhibit distinctive pores and defects. The phenomenon results from
melting-recycling cycles, in which the variation of thermal energy may escalate the incompatibility
and immiscibility between T and P. Moreover, phase separation becomes apparent and forms larger
defects on the T/P blends with increasing content of polypropylene. Furthermore, the larger the content
value difference between T and P, the more significant the differentiation effect. On the other hand,
the MA-containing groups (T90/MA, T70/MA, and T50/MA) show a reverse result, where the presence
of MA makes a contribution to stable formability regardless of multiple melting-recycling cycles,
which suggests that the feasibility of multiple utilization is increased considerably.
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Figure 2. Surface observation of T/P and T/P/MA blends as related to post-2nd and post-3rd recycling.
(A) Post-2nd-recycling group; (B) post-3rd-recycling group.

3.1.2. SEM Observation

Figure 3A,B shows the fracture sections of post-2nd-recycling and post-3rd-recycling T/P/MA blends,
respectively, after tensile tests. Figure 3A shows that T100 looks flatter and smoother than P100 because
thermoplastic polyurethane is, comparatively, a more ductile material. Pure polypropylene reveals a
homogeneous pattern, with a rough and flat surface that indicates a typical characteristic of tough
fractures [33]. Figure 3B displays the surface roughness of P100 and T100 after the post-3rd-recycling
process and further explains that thermoplastic materials require appropriate post-treatment when
reforming. T100 shows an ascending trend on roughness, which is ascribed to the poor thermal stability
of thermoplastic polyurethane. The multiple melting-recycling cycles result in damage on T100 to a
certain extent, so the surface is no longer being sleek. Polar thermoplastic polyurethane and nonpolar
polypropylene are incompatible and immiscible when blended with each other, and further lead to
phase separation derived from high interfacial tension produced at interphase [34]. The Figure 3A
group (T90, T70, and T50) shows that with greater polypropylene content, the blends yield more pores,
which means, equivalently, that both the differentiation effect and incompatibility between thermoplastic
polyurethane and polypropylene are strengthened. Figure 3B (T90, T70, and T50) demonstrates that with
the employment of the post-3rd-recycling, thermoplastic polyurethane matrices are partially expanded,
and polypropylene particles are wrapped in the matrices while the roughness is concurrently enhanced.
Furthermore, the differentiation effect is clearly observed when comparing T70 and T50; the spherical
particles in T50 blends appear prone to fall off from the pores due to enlarged interfacial tension and
poor adhesion between thermoplastic polyurethane and polypropylene [33]. The Figure 3A group
(T90/MA, T70/MA, and T50/MA) shows that the presence of MA stabilizes the morphology of all
T/P/MA blends (i.e., MA-containing blends). Similarly, Figure 3B (T90/MA, T70/MA, and T50/MA) shows
that MA improves the pores and defects triggered by the excessive interfacial tension between the
thermoplastic polyurethane and polypropylene [33]. Moreover, the copolymer on the T/P interfaces
prevents the occurring of coalescence. Comparing the MA-containing and MA-free groups, the former
shows an attenuated differentiation effect. The results indicate that a proper introduction of compatibilizer
improves the defects and reduces the differentiation effect caused by the diversity or blending ratio of
the constituent materials.
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Figure 3. SEM images of post-2nd-recycling and post-3rd-recycling T/P and T/P/MA blends.
(A) Post-2nd-recycling group; (B) post-3rd-recycling group.



Appl. Sci. 2020, 10, 5810 8 of 14

3.2. Tensile Properties

Figure 4 shows the stress—strain curves and stereomicroscopic images of T/P and T/P/MA blends
after tensile test and the corresponding denotations are listed in Table 1. Figure 4A—C shows the
tensile properties of T90, T70, and T50, as related to whether MA is added, namely, T90O/MA, T70/MA,
and T50/MA. Figure 4D shows the stereomicroscopic image of the expanded T/P blends. In Figure 4A-C,
the black curve means samples are treated with one-off hot-pressing, while the red and blue curves,
separately, mean samples are treated with post-2nd- and post-3rd-recycling and the resulting samples
are compared, thereby examining the reclamation efficacy of T/P blends. Meanwhile, the solid lines
represent the MA-free groups, while the dotted lines represent the 5 wt % MA-containing groups.
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Figure 4. Tensile performance of T/P and T/P/MA groups as related to the melting—recycling cycles:
(A)—(C) stress—strain curves; (D) practical samples after tensile property tests. 1: one-off hot-pressing,
2: the post-2nd-recycling, and 3: the post-3rd-recycling.

Figure 4A and Table 2 show that T90 has decreasing tensile strength and strain as a result of the
number of melting—recycling cycles, which is opposite to the 5 wt % MA-containing group that shows
higher tensile performances. Compared to the post-2nd-recycling group, the tensile strength of T90 in the
post-3rd-recycling group decreased by 78.6%, while T90/MA increased by 80.5%. Figure 4B,C shows that
T70 and T50 have a marginal increase in tensile stress and strain when processed with post-2nd-recycling
when comparing to first use. The results also show an obvious decrease in tensile stress and strain
when processed with post-3rd-recycling. It is surmised that post-2nd-recycling makes thermoplastic
polyurethane and polypropylene more evenly blended, but the 3rd time may cause unrecoverable
breakage to T/P blends. The insets of Figure 4A-C show the tensile stress and strain of MA-free groups,
which exhibit a drastic decrease as a result of the post-3rd-recycling. Moreover, increasing polypropylene
content renders MA-free groups with a more significant differentiation effect that results from higher
interfacial tension and poor adhesive performance. In particular, T50 displays the lowest tensile stress
and strain, which is attributed to a rather low tensile strain of polypropylene, as well as the most
remarkable differentiation effect between thermoplastic polyurethane and polypropylene. In sum,
the presence of MA has a positive influence on the tensile properties of T/P/MA blends. From Figure 4B,
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the tensile strength of T70/MA-3 increased up to 9.2 MPa, and that of T70/MA-2 also reached 9.0 MPa.
Figure 4C shows a slight decrease in tensile strength from T50/MA-2 to T50/MA-3, where maleic
anhydride may have a lighter effect when the thermoplastic polyurethane and polypropylene are both
half the content of the blends. Applying a maleic anhydride grafted copolymer as a compatibilizer is an
efficient strategy in reactive compatibilization for incompatible polymer systems, where the diisocyanate
group on the rigid segment of thermoplastic polyurethane reacts with the maleic anhydride group and
forms a copolymer layer at the interphase of T/P during the melting and reheating process, as revealed
in Figure 5 [4,35]. It can be found that the mechanical properties of blended thermoplastic materials are
improved, even enhanced, with the introduction of an appropriate compatibilizer of proper content [1].

Table 2. Tensile stress and tensile strain of post-2nd-recycling and post-3rd-recycling T/P and
T/P/MA blends.

Post-2nd-Recycling  Tensile Stress at Tensile Strain at Tensile Stress at Tensile Strain at

(Groups) Break (MPa) Break (%) Yield Point (MPa) Yield Point (%)
P100 29.3+£0.2 43+09 31.1+0.2 3.0+02
T100 13.7+£0.9 280.3 +27.3 14.0+1.0 279.2 +28.4
T90 42+05 1441 + 254 44+05 139.8 +29.9

T90/MA 41+03 2124 +25.1 43+03 210.7 £ 26.0
T70 22+0.3 214 +102 - -

T70/MA 9.0+13 727 +77 93+1.0 704 £ 6.2

T50 1.0+0.3 89+4.6 - -

T50/MA 8.0+0.9 399+53 84+09 31.2+37

Post-3rd-Recycling  Tensile Stress at Tensile Strain at Tensile Stress at Tensile Strain at

(Groups) Break (MPa) Break (%) Yield Point (MPa) Yield Point (%)
P100 23.6+14 39+0.1 251+1.5 31+02
T100 10.8 £0.5 2521 +£24.7 11.1+£0.6 250.6 £ 26.2
T90 09+02 7.0 £0.04 - -
T90/MA 74 +£05 170.0 £ 23.7 77 +£03 167.5 +24.8
T70 1.7+12 6.6 £3.4 - -
T70/MA 9.2+04 29.6 +£5.2 9.8+0.3 252 +3.1
T50 02+02 70012 -
T50/MA 71+£03 209+1.8 - -
Polypropylene Polypropylene grafted maleic anhydride Thermoplastic polyurethane
CH; —CH o o
—1,C— L' - + HzC—‘IS 0 + - C—1|\1—©— CH;@—ll\I— C— O—CHy~CH,—0—
H CH] H H
l Reactive compatibilization
C C O
L R
—C—=C—=C—c—c7 N\
Lol N=C-0-
C C\ /
C\
\O

Figure 5. The reacted chemical groups in each material during the recycling processes.

Table 2 summarizes the tensile stress at break, tensile strain at break, tensile stress at yield point,
and tensile strain at yield point of the T/P blends. T100 and P100 both show a decreasing trend in
tensile properties due to the conduct of post-3rd-recycling. P100 and T100 dropped by 19.4% and 21.2%
in the post-3rd-recycling and post-2nd-recycling groups, respectively. Moreover, post-2nd-recycling
T/P and T/P/MA blends have higher tensile properties than the post-3rd-recycling T/P and T/P/MA
blends. It is indicated that although polypropylene has better thermal stability than thermoplastic
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polyurethane, less polypropylene content remains than thermally unstable thermoplastic polyurethane.
Hence, the tensile performance of pure material groups become poor after multiple recycling cycles.
At the same time, T/P/MA blends also demonstrate similar improvement. As MA improves the high
interfacial tension and low compatibility between thermoplastic polyurethane and polypropylene,
which are caused by a polarity difference, T/P/MA blends exhibit better tensile properties.

3.3. DSC Analysis

With constant pressure, the heat flow (Q) is equal to the enthalpy change (AH) as Equation (1).
AH = Q )

The melting temperature (Tm) and melting enthalpy (AHm) for thermoplastic polyurethane are
145.8 °C and 9.7 J/g and for polypropylene 164.5 °C and 92.7 J/g. On the other hand, the crystallization
temperature (Tc) and crystallization enthalpy (AHc) for thermoplastic polyurethane are 62.5 °C and
6.2 J/g, and for polypropylene 118.1 °C and 91.3 J/g.

Figure 6 shows the melting behaviors, including Tm and AHm of T/P/MA blends, while Figure 7
shows the crystallization behaviors, including crystallization temperature (Tc) and crystallization
enthalpy (AHc). Figure 6A-C shows that with a rise in polypropylene content, T50 has the maximal
melting enthalpy for polypropylene, which is a semi-crystalline polymer. However, thermoplastic
polyurethane is an amorphous polymer, and hence, the yielded maximal melting enthalpy is primarily
attributed to the presence of polypropylene. Based on the employment of melt-recycling, the melting
enthalpy of samples undergoing one-off hot-pressing (Figure 6A) is higher than the melting enthalpy of
the two batches of samples undergoing post-2nd-recycling (Figure 6B) and post-3rd-recycling (Figure 6C).
Despite being thermoplastic polymers, both T and P still trigger a greater number of interactions among
molecular chains due to the enthalpy variation. Subsequently, the molecular chains are exerted with
influences or even damage, which adversely affects the stability of the entire structure [36].

(A) [Tsoma Tm (°C) | AHm (Jig)
s T50 ﬁ; T50/MA 162.4 52.7
E
£ oA T50 164.0 50.5
5 T70MA | 161.0 33.8
F o T70 1629 | 369
= T90/MA TI0/MA 163.4 18.0

Ta0
T90 1644 | 157
50 5 100 125 150 175
Temperature (°C)

(B)_TsomA EEXY 7 ) [ahm ig)
s s T |[tsoma | 1638 | 429
E TI0MA T50 1638 | 4338
z 70 TI0MA | 1635 | 27.7
w
5 ToOMA T70 1637 | 282
z = TOOMA | 1643 155

T90 163.9 105
50 75 100 128 150 175
Temperature (°C)

(©f moma | | T cc) [ aHm (Jig)
s T80 ~ |[tso0ma | 1636 | 46
£ T70IMA T50 1640 | 46.2
3 T70MA | 1631 | 255
- 170
- T70 1640 | 263
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£ — T9OMA | 163.7 1.0

T90 1640 | 104

50 s 100 125 150 175
Temperature (°C)

Figure 6. Melting behaviors in the differential scanning calorimetry (DSC) performance of T/P and
T/P/MA blends as related to melt-recycling: (A) one-off hot-pressing, (B) the post-2nd-recycling, and (C)
the post-3rd-recycling. Tm = melting temperature and AHm = melting enthalpy.
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From Figure 7A,B, the crystallization curves of the T90 and T90/MA groups show small exothermic
peaks around 60-70 °C, which are related to the disordered arrangement of rigid segments in thermoplastic
polyurethane block copolymers [17]. Figure 7A-C shows that the T90 and T90/MA groups demonstrate
insignificant crystallization peaks regardless of whether MA is added. On the other hand, increasing
the polypropylene content provides the T70 and T50 groups with increasingly complete crystallization
peaks, followed by a rise in crystallization enthalpy. Being an amorphous polymer, thermoplastic
polyurethane has rather low intrinsic crystallization behavior. Thus, the deductive comparison confirms
that the occurrence of the crystallization peak is owed to the presence of polypropylene. The interactions
between polypropylene and thermoplastic polyurethane polymer chains lead to an increment in heat
transition. Furthermore, as an increasing consequence of the presence of polypropylene crystallites in
the thermoplastic polyurethane matrix, the crystallization rate of the T/P blended group increases [37].
Moreover, the addition of MA broadens the shapes of both melting peaks and crystallization peaks,
which also suggests that either the heating process or cooling process demands more time to melt or
generate crystals. In addition, MA-containing blends also have lower melting enthalpy or crystallization
enthalpy than the MA-free blends. The urethane groups located in the rigid segment of thermoplastic
polyurethane exhibit dissociation, and then have grafting reactions with the anhydride groups of
MAs. As a result, the molecular chains from some crystal phases are entangled and, as such, limit the
composition of the entire crystals, which eventually interferes with the difference in enthalpy.

(A) rowa ) Tc (°C) | AHc (Jig)
< T50/MA 17.7 49.6
g T50
£ T50 119.1 50.0
2
E T70/MA A T70/MA 116.6 30.8
5 70 o T70 119.6 35.3
T T90/MA T90/MA 66.4 12.6

T90 T90 63.1 13.8
50 75 100 125 150 175
Temperature (°C)

(B) TsomA Tc (°C) | AHc (J/g)
s 50 T50/MA 120.0 35.6
E — T50 118.5 42.7
3 Vo
3 70 T70/MA 117.4 26.8
w 2
= s T70 122.4 28.9
@ TI0/MA
T T90/MA 59.5 2.9

T90
T90 124.4 3.8
50 75 100 125 150 175
Temperature (°C)
(©) T50/MA Tc (°C) | AHc (J/g)
50 A T50/MA 121.3 39.3
z T70MA T50 122.5 43.8
Ky - B T70/MA 120.9 28.9
2 ,
e < T70 123.5 26.9
o T90/MA
2 ;- T90/MA 115.4 6.2
T90 N
T90 124.7 10.6

50 75 Tem1p0:ratur;2(ic} 150 175
Figure 7. Crystallization behaviors in DSC performance of T/P and T/P/MA groups as related to
melt-recycling: (A) one-off hot-pressing, (B) the post-2nd-recycling, and (C) the post-3rd-recycling.
Tc is crystallization temperature and AHc is crystallization enthalpy.

3.4. Differentiation Effect

The differentiation effect is a quick and easy reference to consider the difference between
incompatible or immiscible materials, which is affected by the polarity of each material. In this study,
the differentiation effect of T/P blends, as related to the blending ratios, is examined. Based on the
discussion of Sections 3.1-3.3, a rise in the melting cycles exacerbates the phase separation between
thermoplastic polyurethane and polypropylene. When the filler content is less than 50 wt %, that is,
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the ratio of filler to the total content is close to 0.5, the differentiation effect is increasingly significant.
Namely, the P/(T + P) ratio can be used as a reference to determine the differentiation effect with
corresponding variations in the ratio. The ratio can be computed with Equation (2).

filler content (%)
total content (%)

Differentiation effect = <05 2)

Based on the T/P ratios, samples can be divided into T90, T70, and T50. The incorporation of MA
is precluded from the discussion on the differentiation effect. This equation is exclusively used for two
incompatible and immiscible materials. MA is used in this study as a compatibilizer to attempt to
mitigate the interfacial tension and phase separation. To sum up, the differentiation effect, from highest
to lowest, can be ranked as T50, T70, and T90. Moreover, Figure 3, Figure 4, and Figure 6 indicate
that with an increasing number of melting—recycling cycles, phase separation is more distinctive,
which suggests that the differentiation effect is intensified.

4. Conclusions

In this study, the recycled T/P waste compounds are processed with one-off hot-pressing,
post-2nd-recycling, and post-3rd-recycling to reform the blends. The T/P/MA blends were tested for
tensile properties and thermal performance, as well as observed for morphology, thereby investigating
the influences of the number of melting-recycling cycles and the presence of a compatibilizer. In light of
the stereomicroscopic images, T/P/MA blends exhibited a darker yellow shade as a result of increasing
the T content. Moreover, on the same premise, with multiple melt-recycling, MA-containing T/P/MA
blends exhibited better integral formability than MA-free T/P blends and did not have pores or defects.
The SEM images showed that the post-3rd-recycling T/P/MA blends had a higher roughness level than
the post-2nd-recycling T/P/MA blends. In addition, MA-free and MA-containing groups separately
exhibited a distinctive and mild differentiation effect. Furthermore, the post-2nd-recycling T/P/MA
blends had higher tensile properties than the post-3rd-recycling T/P/MA blends. The presence of MA
addresses the high interfacial tension and low compatibility caused by the polarity difference between
T and P and provides the blends with better tensile properties. The differentiation effect of MA-free
blends can be ranked from highest to lowest as T50, T70, and T90, and an increase in the number of
melting-recycling cycles concurrently deteriorates the phase separation, which means, equivalently,
a worsened differentiation effect. The purpose of this study is to efficiently use considerable waste plastic
materials in order to achieve recycling efficacy with added value while sustaining environment protection.
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